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This paper describes a compound lens for solar photovoltaic system applications, which is composed of a 
front aspheric or Fresnel surface and a back array of concave surfaces. In contrast to earlier designs, the 
proposed method can simultaneously focus and shape sun light into a uniform-square pattern on the 
solar cell. For a square solar cell, this approach can maximize the solar cell's opto-electric conversion 
efficiency by enhancing the concentrated pattern's uniformity. In this article, the theoretical models 
of the beam shaping focused lens is derived and then compared with experimental data. The tolerance 
in assembling the component of the concentrator is also analyzed and the corresponding simulation and 
experimental results are discussed in detail. © 2013 Optical Society of America 

OCIS codes: (080.4298) Nonimaging optics; (220.4298) Nonimaging optics; (220.2740) Geometric 
optical design; (220.1770) Concentrators. 
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1. Introduction 

In the past 30 years, due to the continuously growing 
requirement for solar energy and the development of 
photovoltaic cells, there are many papers proposing 
various methods for enhancing solar collection 
efficiency [1-8]. Among the used optical shapes, the 
two stage mirrors reflective configuration [9-14] and 
the multiple-lens refractive configuration [15-17] 
have been widely utilized to improve collection effi- 
ciency and decrease the amount of expensive cells. 
The photovoltaic cells are usually available only in 
rectangular shapes due to fabrication and packaging 
simplicity. Besides, the rectangle shape can cover wide 
areas without leaving gaps in cutting chips. However, 
the solar concentrators [Fig. 1(a) ] research mostly 
concentrates on the optical shapes to generate a small 
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circular spot on the photovoltaic cell and there is a 
lack of study about the full utilization of the square 
shape of a photovoltaic cell [Fig. 1(b) ] . 

To further enhance the area utilization efficiency of 
the square photovoltaic cell, it is necessary to generate 
a uniform and square light pattern by adopting a solar 
focused lens with a square-beam shaping ability. The 
highly uniform-square focal spot usually can be 
obtained by roughing the segment of compound para- 
bolic concentrator light pipe, which has a square exit 
pupil or a free-form Kohler concentrator [18,19] . How- 
ever, the optical efficiency and uniformity of the focal 
spot easily suffers from the rough surface or the mis- 
alignment among multiple optical elements in a solar 
concentration system. Hence, this paper proposes a 
single lens, which comprises a front aspheric focusing 
surface and a back array of concave surfaces. In addi- 
tion, to decrease the weight and thickness of the lens, 
a similar design using a front Fresnel profile [20-24] 
instead of a front aspheric surface is also designed and 
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Fig. 1. (a) Simple schematic of a solar concentrator, which con- 
sists of a collection lens and a solar cell chip, (b) Collected sunlight 
is usually focused to a circular spot instead of a rectangular one. 



analyzed. The characteristics and experimental 
data compared with the theoretical calculation will 
be discussed. 

2. Design of the Module 

Beam shaping is the process of redistributing the 
phase and irradiance of a beam. A square beam cross 
section is widely used in laser/material processing 
[25-35], but less applied in a solar concentrator. 
Ryu et al. [36] first proposed solar concentration 
optics utilizing a modularly faced Fresnel lens to 
achieve a square focal spot. Its modularly Fresnel 
facets generate a collection efficiency larger than 
70%, but this complex structure is more difficult in 
fabrication. Our beam shaping focused lens (BSFL) 
consists of an aspheric focusing surface (first surface) 
and a two-dimensional array of concave shaping 
surfaces (second surface). In the second surface, 
the exit pupil of each concave surface is square. 
The schematic layout in the perpendicular direction 
(y-z plane) is shown in Fig. 2(a) with all pertinent 
parameters indicated. Based on the designed concen- 
tration ratio, the lens has an entrance edge 
D = 6 cm, the curvature radius of the first surface 
R = 3.11 cm, the thickness t = 2 cm, and the back 
focal length before adding the periodic concave 
surface BFL = 4 cm. The front surface is modified 
to an aspheric one for eliminating spherical aberra- 
tion before adding the periodic concave surfaces. The 



aspheric surface of rotation is represented by an 
equation of the form [37] 



Z = 



i + [l-c(l + *)rg]i 

f a g rl° + • • • , 



d f r° a 



(1) 



where Z is the sag of the aspheric surface, r a the 
height from the optical axis, c the curvature, k the 
conic constant, and a d , a e , a,f, and a g the high-order 
coefficients to represent deformations to the spherical 
surface. The first term of the right side is the equation 
for a spherical surface of radius R = 1/c when k = 0. 

Since the uniformity and spot size are related to 
the radius and diameter of the periodic concave sur- 
face, an exit pupil is set to each concave surface in the 
design. For each concave surface, the first-order an- 
gles of the upper rim, the chief and the lower rim rays 
with respect to the optical axis are U ml , U c , and U m2 , 
respectively. If the current concave surface is the pth 
one above the optical axis, these angles are given by 



Upper rim ray: U ml = 



pd 



BFL • n 



(2) 



p,. , JT (p-l)d + d/2 

Cmefray: U c = m _ . (3) 



Lower rim ray: U m2 = • (4) 

For each concave surface, the incident angles at the 
vertex plane [Fig. 2(b) ] 



Upper rim ray: U' ml = - 



d pd 



2r BFL • n 



(5) 



Chief ray: U c = ^— . (6) 



R 




Fig. 2. (a) Schematic sketch of BSFL to illustrate the relationship among the aspheric front surface, the periodic concave surface, and the 
image plane, where the solar cell is positioned, (b) Relative locations of the refracted rays from the front aspheric surface and the concave 
surface normals. 
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d (p-l)d 
Lower rim ray: U m2 = — + — . (7) 

From the bending equation, the ray angles after the 
concave surface are given by 



Upper rimray: TT ml = ± - n(-^ + 



Chief ray: U\ 



c=n(- 



(p-l)d + d/2 
BFL • n 



(8) 
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-d (d (p-l)d\ 
Lower rimray: U m2 = - + n^- + ^— j. 

(10) 

Next, using the transfer equation, the rays' heights 
on the image plane can be obtained by 

Upper rim ray: y max =pd- BFL x U^ v (11) 



Chief ray: y c = (p - d/2) - BFL x U" c = 0. (12) 



Lower rim ray: y min = (p - l)d - BFL x U n m2 . (13) 

The average ray height of the upper rim rays from 
each concave surface along they direction, y ave , is set 
as the half-edge of the chip, s/2, which is also equal to 
the average value of the lower rim rays due to 
symmetry of BSFL. Considering the fabrication 
ability, the size of each concave surface is set 6 mm x 
6 mm in this case. For a 6 cm incident square colli- 
mated beam, the overall concave surface number in 
the array is 10 x 10. In the starting design, s/2 is 
set to be 1.5 mm. After substituting these known val- 
ues into Eqs. (2)-(13), we build a merit function to 
evaluate the optical performance of BSFL. The varia- 
bles include R and aspheric coefficients of the front 
surface and the radius r of each concave surface. 
The target is to achieve a high collection efficiency 
(>80%) with an acceptable uniformity, a higher trans- 
mission efficiency (>85%), and a concentration ratio 
(>300x) inside the solar chip. These related glossaries 
are defined as the following: 

TE: the optical transmission efficiency, which is de- 
fined as the ratio between the incident beam power 
and the output beam power from the BFSL system. 

CE: the optical collecting efficiency, which is de- 
fined as the ratio between the incident beam power 
and the projected power on the solar cell. 

CR: the concentration ratio, which is defined as the 
ratio between the area of entry pupil and the area of 
solar cell. 



U: the irradiance uniformity, which is defined as 
the ratio between average and minimum irradiance 
at the solar cell, or 



U 



E 



E 



(14) 



avg 



where E min and E aYg are the minimum and average 
irradiance levels, respectively. 

One of the promising solutions is obtained as 
r = 7 cm and R = 3.11 cm. In this case, the square 
spot formed by overlapping the 10 x 10 square light 
patterns on the image plane, the solar cell has a 
transmission efficiency of 91%, a collection efficiency 
of 84% with a uniformity of 22.55%, and a concentra- 
tion ratio 314x. 

Unlike a general imaging homogenizer that uses 
two square-lens arrays [38-41], our design only 
adopts one square-lens array for simplifying the sys- 
tem structure, and enhancing the optical transmis- 
sion efficiency. The cost of adopting such a simple 
structure is that the light patterns projected by the 
outer square concave surfaces would be distorted and 
extended due to their larger slanting incident angles. 
The distorted pattern however, can overlap with the 
other opposite distorted patterns from the concave 
surface at the opposite side (on the x-y plane) to gen- 
erate a uniform pattern. Then a uniform-square focal 
spot can be captured by the square solar cell with 
weak stray rays around the outside. A further simu- 
lation shows that an aspheric concave surface in the 
array can further improve the pattern uniformity. 
However, we didn't adopt the aspheric design consid- 
ering the fabrication complexity and cost. 

The final optical configuration simulated by ZEMAX 
software is shown in Fig. 3(a) . ASAP software is then 
used to obtain the efficiency data [Fig. 3(b) ]. The final 
specification of BSFL is summarized in Table 1. The 
irradiance distribution and its cross-section along 
the x axis are shown in Figs. 4(a) and 4(b) , respectively. 
In Fig. 4(a) , the red square frame represents the 
location of the solar cell, and the white part is the light 
pattern at the focal point. The chip size is initially 
designed to be 3 mm x 3 mm, of which the edge corre- 
sponds the 21% of the maximum of the normalized 
irradiance. In determining U values, 100 sampling 
points are selected within the measurement region. 
As illustrated in Fig. 5, we read one value per 
0.2 mm x 0.2 mm for a 2 mm x 2 mm measurement 
region. 

Fresnel lens function is similar to the conventional 
lens by refracting the rays and focusing them at one 
focal point. Considering the lighter and the thinner 
characteristics of the Fresnel lens, our design is also 
realized in a Fresnel type (F-BSFL, Fig. 6) by modify- 
ing the front aspheric surface into a Fresnel facet, 
which is an approximation of the curvature of aspheric 
surface. The irradiance distribution and its cross- 
section along x axis are shown in Figs. 7(a) and 7(b) , 
respectively. In Fig. 7(a) , the red square frame repre- 
sents the location of the solar cell, and the white part 
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Fig. 3. (a) Initial layout, including the high-order aspheric coefficients, drawn by ZEMAX software, (b) 3D layout and rays distribution 
simulated by ASAP software. A square light pattern on the solar cell can be observed. 



Table 1. Specification of BSFL 



Symbol 


Description 


Value (unit) 


n 


Refractive index of material 


1.58 


R 


Curvature radius of the front surface 


3.11 cm 


t 


Thickness of the lens 


2 cm 


BFL 


Back focal length before adding 


4 cm 




the periodic concave surfaces 




D 


Diameter of BSFL 


6 cm 


d 


Pitch of a concave surface 


0.6 cm 


r 


Curvature radius of the back 


7 cm 




periodic concave surface 




N 


Number of the array of concave surfaces 


10 x 10 



is the light pattern at the focal point. The chip size is 
also initially designed to be 3 mm x 3 mm, of which 
the edge corresponds to the 30% of the maximum of 
the normalized irradiance. The optical performances 
of BSFL and F-BSFL are summarized in Table 2. 
Compared with a general imaging homogenizer that 
uses two square-lens arrays, our design has a lower 
uniformity because light patterns from the outer 
square concave surfaces [Fig. 8(a) ] are more easily 
distorted and extended than those from the inner 
[Fig. 8(b) ] on the image plane, the solar cell. 

In general, the required chip size for BSFL is 
smaller than that for F-BSFL, TE, CR, and U but 
CE values are lower in BSFL. The cause is mainly 




• Sampling point 
™ ■ Measurement region 



Fig. 5. Measurement points for the irradiance uniformity of light 
pattern. 



due to more scattering rays generated around the 
tips of the Fresnel surface of F-BSFL. 

3. Fabrication and Tolerance Analysis 

The prototypes of both BSFL and F-BSFL were 
fabricated by CNC machining [Figs. 9(a) and 9(b) ]. 
Limited by the accuracy of CNC machine, the pitch 
of each concentric circular notch in F-BSFL is larger 
than 1 mm and the depth of each concentric circular 
notch is 0.13 mm. To confirm their performances, 
a uniform flat-top He-Ne laser beam, instead of 
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Fig. 4. (a) Simulated light pattern on the solar cell is square, (b) Irradiance distribution of the light pattern along x axis. 
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Fig. 6. (a) Schematic layout of F-BSFL and its optical path drawn, (b) 3D layout and rays distribution of F-BSFL drawn by ASAP 
software. A square light pattern on the solar cell can also be observed. 



3mm 




x 




-i o 1 
location(mm) 

(b) 

Fig. 7. (a) Simulated light pattern from F-BSFL on the solar cell is square, (b) Irradiance distribution of the light pattern along x axis. 



Table 2. Simulated and Experimental Performances of BSFL and F-BSFL 



Types BSFL (Simulation) BSFL (Measurement) F-BSFL (Simulation) F-BSFL (Measurement) 



Minimum normalized irradiance 


21% 


N/A 


30% 


N/A 


Chip size (mm 2 ) 


3.0x3.0 


3.0x3.0 


3.0x3.0 


3.0x3.0 


TE 


91% 


76% 


92% 


82% 


CE 


84% 


46% 


69% 


53% 


CR 


314x 


314x 


400x 


400x 


U(%) 


22.55 


N/A 


57.69 


N/A 



sunlight and an integrating sphere, is utilized in 
measurement (Fig. 10). The light patterns at the 
focal plane formed by BSFL and F-BSFL are, respec- 
tively, shown in Figs. 11(a) and 11(b) . The measured 




(a) (b) 



Fig. 8. Light patterns on the solar cell from different concave 
surfaces are distorted differently, (a) Outer concave surface gener- 
ates a more distorted pattern, (b) Inner concave surface generates 
a less distorted one. 



CE values and transmission efficiencies of BSFL and 
F-BSFL are also listed in Table 2. The deviation 
between the simulated and the measured values is 
mainly caused by the curvature radius error and 
high roughness on each periodic concave surface 
introduced in cutting the plastic lens using CNC 
machining. The minimum normalized irradiance 
and uniformity of experimental data are not shown 
in Table 2, which is judged zero in both BEFL and 
F-BSFL by observing Fig. 11. Some shadows are also 
visible in the pattern of F-BSFL. Besides F-BSFLs 
pattern is elongated in Y direction, which is intro- 
duced by the eccentricity in machining the first 
surface. This is due to several issues. For example, 
the spot images of Fig. 11 were captured by a camera, 
and overexposure forced the data of pixels with low 
irradiance to be automatically reduced to zero. 
Besides, a tool able to measure each irradiance of 
100 sampling points within 3 mm x 3 mm is not cur- 
rently available. Therefore, the simulation data of 
the uniformity is listed for reference. Compared with 
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Fig. 11. Captured light patterns of (a) BSFL and (b) F-BSFL. 




Angle(degree) 

Fig. 12. Angular tolerance analysis and measurement results of 
the incident rays' angles into BSFL and F-BSFL. 



a previous similar design by Ryu et al. [36], their 
simulated collection efficiencies of the 9x9 array 
and the 11 x 11 array are around 62% and 55%, 
respectively Our current 10 x 10 array design has a 
better performance. The simulated collection effi- 
ciencies of BSFL and F-BSFL are around 84% and 
69%, respectively 

To evaluate the optical performance precisely, a 
full fabrication and assembly tolerance analysis is 
necessary Using the half-width at half-maximum 
(HWHM) values in the solar cell, a sensitivity 
tolerance analysis was performed to identify the 
issues of the system. When we chose to ignore lens 
fabrication tolerances and focused only on assembly 
errors, we found that for both cases, the worst offend- 
ers were the slant angles of incident sunlight. In 
Fig. 12, for the BSFL, the HWHM values in simula- 
tion and experiments are about ±1.75° and ±1.3°, 
respectively. For the F-BSFL the values are ±1.6° 
and ±1.45°, respectively. Among other worst offend- 
ers, the degradation factors of BSFLs optical perfor- 
mance include the decentering and rotation of 
the solar cell and the rotation of the collection lens 
of BSFL, as illustrated in Fig. 13. The tolerance 
data, including measurement and simulation, are 
summarized in Table 3. The high-tolerance budget 
angular sensitivity much larger than 0.1° and 
positional sensitivity much larger than 0.1 mm, show 
that both BSFL and F-BSFL are feasible at a 
reasonable cost. 
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Fig. 13. Main degradation factors of BSFL's optical performance, including (a) slant of incident sunlight, (b) decentering and rotation of 
the solar cell, and (c) rotation of the collection lens of BSFL. 



Table 3. Assembly Tolerance of BSFL and F-BSFL 







HWHM Values 


HWHM Values 


HWHM Values 


HWHM Values 






of Simulation 


of Experimental 


Simulation Results 


Experimental 


Symbol 


Tolerance 


Results (BSFL) 


Results (BSFL) 


(F-BSFL) 


Results (F-BSFL) 


AS 


Angular sensitivity of the CPV 
system with different incident 
light angle 


±1.75° 


±1.3° 


±1.6° 


±1.45° 


ATMX 


Assembling tolerance of 
CPV system by moving the 
solar cell along the x axis 


±1.5 mm 


±1.25 mm 


±1.55 mm 


±1.1 mm 


ATMZ 


Assembling tolerance of 
CPV system by moving 
the solar cell along the z axis 


±4 mm to -3.5 mm 


+6 mm to -5 mm 


+4.5 mm to -5 mm 


+7 mm to -6.5 mm 


ATRSY 


Angular tolerance by rotating 
the solar cell around the y axis 


±66° 


±53° 


±62° 


±50° 


ATRBY 


Assembling tolerance of BSFL 
rotating around the y axis 


±7.5° 


±7.5° 


±15° 


±18° 



4. Conclusions 

In this paper we have designed a BSFL and an 
F-BSFL to converge incident rays and shape these 
rays into a square spot for improving utilization effi- 
ciency of solar cell. The BSFL is composed of an 
aspheric front surface, an array of concave surfaces, 
and a solar cell. The F-BSFL has a similar structure 
except for using a Fresnel surface to replace the 
aspheric surface for reducing weight and volume. The 
final size of the square focal point in both designs is 
less than 3 mm x 3 mm. The transmission efficiency 
the concentration ratio, the collection efficiency, and 
the light pattern's irradiance uniformity of BSFL and 
F-BSFL are 91% and 92%, 314x and 400x, 84% and 
69%, and 22.55% and 57.69%, respectively. Both pro- 
totypes were fabricated using CNC machining. Their 
measured transmission and collection efficiencies are 
76% and 46% for BSFL, and 82% and 53% for F-BSFL, 
respectively. In addition, the tolerance analysis in 
assembly shows that BSFL and F-BSFL are highly 
feasible and have potential to increase the optical 
utilization factor in most CPV systems. 
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